We report critical coupling of electromagnetic waves to plasmonic cavity arrays fabricated on Moiré surfaces. Dark field plasmon microscopy imaging and polarization dependent spectroscopic reflection measurements reveal the critical coupling conditions of the cavities. The critical coupling conditions depend on the superperiod of the Moiré surface, which also defines the coupling between the cavities. Complete transfer of the incident power can be achieved for traveling wave plasmonic resonators, which have a relatively short superperiod. When the superperiod of the resonators increases, the coupled resonators become isolated standing wave resonators in which complete transfer of the incident power is not possible. [5] [6] [7] [8] [9] [10] . Selective loading of the plasmonic surface with a metal or a dielectric thin film can result in a plasmonic cavity that provides lateral confinement along the propagation direction [5] [6] [7] [8] [9] [10] . Localization and efficient coupling of the electromagnetic field in plasmonic cavities provides opportunities for new applications ranging from cavity quantum electrodynamics to nonlinear optics [11] [12] [13] . Metallic loss, however, limits the quality factor of the plasmonic cavities. A high-Q plasmonic cavity can be achieved on a Moiré surface formed by superimposing two periodic patterns with slightly different periodicities [8] .
Jacobi`s theorem in electrical engineering states that maximum power from an external source can be transferred to a load when the impedance of the load and the source are conjugates [1] . This theorem finds many implementations, especially when dealing with resonant circuits.
It can be applied to analyze optical resonators such as Fabry-Perot cavities, microring resonators, and optical cavities [2, 3] . The optimum condition to excite an optical cavity is achieved by matching the internal resonator loss to coupling loss, which is known as the critical coupling condition [2, 3] . Here, we study the critical coupling of incident light to plasmonic cavity arrays. We find that complete transfer of energy can be achieved for a traveling wave plasmonic resonator at a critical metal film thickness. We provide an analytical expression based on a parametric model and experimental results to analyze the critical coupling in Moiré-type high-Q plasmonic resonators.
Surface plasmon polaritons (SPPs) [4] show unique physical properties attracting great interest for a variety of applications [5] [6] [7] [8] [9] [10] . Selective loading of the plasmonic surface with a metal or a dielectric thin film can result in a plasmonic cavity that provides lateral confinement along the propagation direction [5] [6] [7] [8] [9] [10] . Localization and efficient coupling of the electromagnetic field in plasmonic cavities provides opportunities for new applications ranging from cavity quantum electrodynamics to nonlinear optics [11] [12] [13] . Metallic loss, however, limits the quality factor of the plasmonic cavities. A high-Q plasmonic cavity can be achieved on a Moiré surface formed by superimposing two periodic patterns with slightly different periodicities [8] .
The Moiré surfaces were fabricated using a holographic technique called interference lithography, the details of which we reported earlier [6, [8] [9] [10] . Figures 1(a) and 1(b) show atomic force microscope (AFM) images of the surfaces with superperiodicities of 9.0 and 2:5 μm, respectively. Figures 1(c) and 1(d) show the crosssectional profiles of the surfaces. The gradual change in the profile is the essential feature to achieve high quality factors of around 150.
To match the momentum of light to that of SPPs, the prism coupling technique in the Kretschmann geometry is used. SPPs are excited only when the projection of the wave vector of the incident light along the direction of propagation matches that of SPPs at the silver-air interface. The coupling of light to propagating surface plasmons depends strongly on the metal film thickness, which is extensively studied in the literature [11, 12] . For example, Simon et al. showed that when an electromagnetic wave is incident on a flat Ag coated surface, Ag film thickness of either less than 30 nm or greater than 80 nm produces very shallow reflectivity minima [12] .
We would now like to develop a parametric model that describes the conditions for the excitation of a plasmonic cavity. We describe the coupling of incident light to SPP cavities using a model [ Fig. 2(a) ] that was previously employed for optical resonators [2, 3] . The equation for time evaluation of a cavity mode can be written as [2, 3] 
where ψ is the amplitude of the SPP wave within the cavity, ω 0 is the cavity resonant frequency, 1=τ 0 is the decay rate due to the metallic loss, and 1=τ 1 and 1=τ 2 are decay rates of SPPs into the free space and the prism, respectively. Here, κ, the coupling coefficient between the incident light and the cavity, decays exponentially with the increase in the Ag film thickness. The decay rate into the prism is composed of decay rates in the forward and backward directions and satisfies the following relation:
. The derivative of amplitude of cavity mode with respect to time represents the evolution of the cavity mode in time. s 1þ and s 2þ are the incoming waves. We can derive the outgoing waves as [2, 3] 
where L c is the resonator length and β is the lateral component of the wave vector of the incoming wave. The coupling coefficient can be written in terms of the decay rates in the forward direction as κ ¼
The value of κ can be calculated using perturbation analysis [2, 3] . We choose only one incoming wave and one outgoing wave by setting s 2þ and s 1− to zero. The reflection from the cavity has a Lorentzian form, which is written as
In order to reach the critical coupling at the resonance condition, the decay rate into the prism in the forward direction should be equal to the sum of the metallic loss (1=τ 0 ), the decay rate of SPPs to free space (1=τ 1 ), and the decay rate of SPPs to prism (1=τ 2 ). This expression can be implemented and extended to various forms of plasmonic structures, such as a flat metal surface, a single plasmonic resonator, or coupled plasmonic resonators. The Moiré surface provides a flexible platform to tune the coupling between the cavities, resulting in different types of plasmonic resonators. A Moiré surface with a long superperiod behaves as an array of isolated plasmonic cavities. With a large separation between them, these cavities can be classified as standing wave resonators (SWRs). Ideally, this type of resonator merely has a standing wave without any power flow along the plane of the cavity. It may, however, decay out of the plane into both incoming and outgoing directions of the prism with equal and nonzero decay rates. For this type of configuration, complete transfer of energy to the cavity is not possible. Analytical calculation indicates that 75% of the input power at best can be transferred to the SWR [ Fig. 2(b) ]. On the other hand, a Moiré surface with a short superperiod forms travelling wave resonators (TWRs). This type of TWR has a nonzero group velocity and a net flow of electromagnetic power. The time evaluation of the mode in the nth cavity is written as [2, 3] 
where κ 1 is the coupling coefficient between the cavities and ω n is the resonance frequency of a cavity. This difference equation has a traveling wave solution, and therefore complete extinction of reflectivity is possible, resulting in full transfer of the input power to the SPP cavities [ Fig. 2(b We experimentally observed critical coupling in plasmonic cavities using a technique called dark field plasmon microscopy (DFPM) [13, 14] and reflection measurements. Figures 3(a)-3(d) show FDTD calculated electric field distribution of cavities with varying Ag film thicknesses. The field inside the cavity reaches its maximum value at a thickness of ∼30 nm. To image the field distribution, we used DFPM, providing the image of the intensity profile of the plasmonic cavity mode. DFPM has the advantage that during imaging of plasmonic resonators, the intensity of the scattered light does not change with time as in the case of emission of dye molecules. The cavities are excited with a tunable supercontinuum laser (Koheras, Denmark) through a glass prism. The scattered SPP waves are collected in the far field with a microscope objective and imaged on a CCD camera. The DFPM images are shown in Figs. 3(e)-3(h) . The cross-sectional profiles of the images are given in Figs. 3(i)-3(l). As expected, the field intensity in the cavity shows a maximum at critical film thickness.
Furthermore, we characterized the fabricated cavities in detail by spectroscopic reflection measurements. Dispersion curves have been obtained as a function of Ag film thickness. Figures 4(a) and 4(b) show the reflectivity curves for superperiods of 4.5 and 9:0 μm. The superperiodicity of the surface profile determines the cavity size as well as the distance between the cavities, which defines the coupling between the cavities. The dip at 620 nm is due to the cavity state. As we increase the film thickness, coupling to the cavity state increases up to a thickness of 25 nm and then starts to decrease [15] . Figure 4(c) shows the thickness dependence of the reflection at the resonance wavelength. At the critical film thickness, reflection at the cavity state goes down to zero, which indicates a complete transfer of the incident energy to the cavity. As predicted by the analytical model, all of the incident optical power can be transferred to cavities that form TWRs. The coupling coefficient between the cavities defines the tuning parameter between TWR and SWR. Figures 4(d) and 4(e) show the reflectivity at the resonance as a function of both superperiod and film thickness. These experimental observations agree very well with analytical and FDTD calculations.
In conclusion, we have demonstrated critical coupling of electromagnetic waves to plasmonic resonator arrays. The DFPM imaging and polarization dependent spectroscopic reflection measurements reveal the critical coupling conditions of the cavities. A complete transfer of the incident power can be achieved for TWRs having relatively short superperiods. As the superperiod increases, the coupled resonators become isolated SWRs where the complete transfer of the incident power is not possible. The results are promising in applications such as plasmonic lasers, surface enhanced optics, and spectroscopy because of the high electric field intensity generated under critical coupling conditions.
